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Analysis of a comprehensive dataset demonstrates
that the brachial index (BI = humerus length/ulna
length) of modern birds (Neornithes) varies
significantly between clades at all taxonomic levels,
yet is strongly correlated with recent phylogenetic
hypotheses. Variance in BI at the infraclass level is
low, but increases rapidly during the proposed
major radiation of neornithines in the Palaeocene
and Eocene. Although a BI of greater than 1 is
primitive for Neornithes, more basal groups of
Mesozoic birds (Confuciusornithidae and some
members of the diverse Enantiornithidae) had BIs
comparable with those of ‘higher’ modern clades. It
is possible that occupation of ecological niches by
these Mesozoic clades precluded the divergence
of some groups of neornithines until after the
Cretaceous–Tertiary boundary. We suggest that
with further analysis and data collection the
relationships between flight behaviour, ecology and
BI can be determined. Hence, BI may provide a use-
ful tool for characterizing the ecology of fossil birds.

Keywords: birds; flight; phylogeny; systematics;
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1. INTRODUCTION
Flapping flight is a central and constraining adaptation in
birds. Strong correlations between form and function indi-
cate that bird wing morphology is subject to strong selec-
tive pressures associated with aerodynamic performance
(Rayner 1988). To a large extent, the proportions of wing
bones determine planform and wing deformations during
flight. Early anatomists noted variations in the relative
proportions of proximal wing elements (humerus, radius
and ulna), and remarked on the distribution of this vari-
ation within birds (Beddard 1898; Steiner 1917; Böker
1927; Marples 1930). Subsequently, proportions of the
proximal wing elements have been used in the morpho-
logical classification of Aves (Verheyen 1961) and
employed as discrete characters in determining phylogen-
etic relationships of Mesozoic birds (Chiappe 1995, 1996;
Forster et al. 1998; Ji et al. 1998; Padian & Chiappe 1998).
Recently, Rayner & Dyke (2002) concluded that the
brachial index (BI) correlated well with neornithine phy-
logeny and varied little within orders or families; however,
they did not apply rigorous statistical analysis. Conse-
quently, whether differences in BI among clades are stat-
istically robust is unclear. If BI is clade specific,
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particularly at the species or genus level, it could be
related directly to flight ecology and could provide further
insights into the evolution and radiation of modern birds.
In this paper, a more rigorous analysis was used to deter-
mine at what taxonomic level, if any, clade-specific values
of BI exist. In addition, variation in BI over time was esti-
mated.

2. MATERIAL AND METHODS
The dataset used here is part of an ongoing project and currently

comprises 1305 recent and fossil bird species across 682 genera (see
electronic Appendix A). BI measurements were collated from skeletal
specimens and measurements taken from the literature (Murie 1871;
Magnan 1922; Böker 1927, 1935; Kälin 1942; Middleton & Gatesy
2000). Data for all 23 orders and 129 of the 151 families listed in the
taxonomy of Sibley & Ahlquist (1990) are included. Measurements
include at least one representative taxon for all but one
(Pedionomidae) of the non-passerine families of Sibley & Ahlquist
(1990). Coverage of the Passeriformes is slightly less comprehensive.
Owing to a lack of available specimens, the families Oxyruncidae,
Prionopidae, Vangidae, Dulidae, Remizidae, Rhabdornithidae, Clim-
acteridae, Epithanuridae, Artamidae and Paradisaeidae were not
included in the dataset.

The distribution of BI was compared with three different phylogen-
etic hypotheses. The first was that of Sibley & Ahlquist (1990), which
remains the ‘only’ comprehensive morphologically independent mol-
ecular hypothesis. The second was the recent phylogeny of Cracraft
et al. (2004), which is speculative (in places) and represents a
compromise among the (14) authors. The third was the phylogeny
of Wetmore (1960). We are not arguing for the validity of the hypoth-
eses (a unanimous consensus on the validity of a phylogeny is difficult
to achieve), but instead argue that the extreme differences between
them provide a rigorous test of BI variation among taxa. At this stage,
we are concerned with determining broad patterns of variation among
categories at different taxonomic levels (i.e. nested clades within
Neornithes) and variation of BI over time. Therefore, a fully nested
ANOVA was used to analyse the dataset (Bell 1989; Sokal & Rohlf
1995). In addition to determining differences between clades at a
taxonomic level, a nested ANOVA provides an estimate of the vari-
ance of a character attributable to a particular taxonomic level inde-
pendent of other levels (Bell 1989). Expansion of the already
extensive dataset would be required for an investigation of more spe-
cific questions about the ecological factors that influence BI using a
phylogenetically independent contrasts method of analysis.

3. RESULTS
A fully nested ANOVA showed that, regardless of which

phylogeny was used, significant differences (all p � 0.005)
in BI exist between clades at all taxonomic levels within
Neornithes (table 1). Therefore, as argued by Rayner &
Dyke (2002) BI varies significantly between orders and
families, but contrary to Rayner & Dyke (2002) BI also
varies within orders and families (i.e. between genera and
species). The conditions required to use the Satterthwaite
approximation for the calculation of F-values for nested
ANOVA with unequal sample sizes were violated. There-
fore, p-values were calculated using approximate F-values
(MSsubgr/MSsubsubgr; MS, mean square) after Sokal & Rohlf
(1995). Infraclass, order, family and genus are responsible
for similar amounts of variation (table 1). Although there
are significant differences in BI between species, most of
the total variation in BI is accounted for by generic level
and lower (i.e. infraclass � order � family � genus = 96%
of the total variation in BI), and the contribution of the
taxonomic level species to total variation in BI is trivial
(table 1).

4. DISCUSSION
Finding that most variation in BI is accumulated by

generic level is not surprising because species within gen-
era tend to have similar morphologies and ecologies.



Forelimb proportions of Neornithines R. L. Nudds and others S325

T
ab

le
1.

F
ul

ly
ne

st
ed

A
N

O
V

A
fo

r
th

e
br

ac
hi

al
in

de
x

in
ne

or
ni

th
in

es
,

us
in

g
th

re
e

di
ff

er
en

t
ph

yl
og

en
et

ic
hy

po
th

es
es

.
(S

C
V

,
th

e
cu

m
ul

at
iv

e
va

ri
an

ce
(s

um
of

va
ri

an
ce

co
m

po
ne

nt
s

up
to

an
d

in
cl

ud
in

g
th

at
le

ve
l)

di
vi

de
d

by
th

e
to

ta
l

va
ri

an
ce

;
it

re
pr

es
en

ts
an

in
tr

ac
la

ss
co

rr
el

at
io

n
co

ef
fi

ci
en

t
(B

el
l

19
89

).
F

or
ea

ch
ph

yl
og

en
y
p

�
0.

00
5

fo
r

ea
ch

ta
xo

no
m

ic
le

ve
l.)

S
ib

le
y

&
A

hl
qu

is
t

(1
99

0)
C

ra
cr

af
t
et
al
.

(2
00

4)
W

et
m

or
e

(1
96

0)

le
ve

l
d.

f.
va

ri
an

ce
co

m
po

ne
nt

S
C

V
d.

f.
va

ri
an

ce
co

m
po

ne
nt

S
C

V
d.

f.
va

ri
an

ce
co

m
po

ne
nt

S
C

V

in
fr

ac
la

ss
1

0.
01

6
(2

4.
37

%
)

0.
24

4
1

0.
01

7
(2

5.
82

%
)

0.
25

8
1

0.
01

5
(2

3.
94

%
)

0.
23

9
or

de
r

21
0.

01
2

(1
8.

23
%

)
0.

42
6

27
0.

01
7

(2
6.

50
%

)
0.

52
3

27
0.

02
3

(3
5.

54
%

)
0.

59
5

fa
m

ily
11

1
0.

01
8

(2
8.

07
%

)
0.

70
7

10
6

0.
01

2
(1

7.
94

%
)

0.
70

3
13

6
0.

01
3

(1
9.

58
%

)
0.

79
1

ge
nu

s
53

3
0.

01
6

(2
5.

01
%

)
0.

95
7

53
2

0.
01

7
(2

5.
39

%
)

0.
95

7
50

2
0.

01
1

(1
6.

54
%

)
0.

95
6

sp
ec

ie
s

63
9

0.
00

1
(0

.8
1%

)
0.

96
5

63
5

0.
00

1
(0

.8
0%

)
0.

96
5

63
5

0.
00

1
(0

.8
1%

)
0.

96
4

w
it

hi
n

sp
ec

ie
s

14
72

0.
00

2
(3

.5
1%

)
1.

00
0

14
76

0.
00

2
(3

.5
5%

)
1.

00
0

14
76

0.
00

2
(3

.5
9%

)
1.

00
0

to
ta

l
27

77
0.

06
5

27
77

0.
06

5
27

77
0.

06
4

Proc. R. Soc. Lond. B (Suppl.)

Indeed, most variation in many life-history variables is
accounted for at ordinal and family levels (Bennett &
Owens 2002). It is encouraging that variation in BI at
higher levels (Eoaves/Neoaves) is relatively low (24.37%),
because it suggests most variation in BI (the remaining
75%) has arisen concomitantly with the proposed major
radiation of Neornithes during the Palaeocene and Eocene
(Feduccia 1995, 2003). If the opposite was true and most
variation in BI was already accounted for at the infraclass
level, BI would be less likely to provide an insight into
Neornithine radiation and evolution.

Distribution of BI among Neornithine phylogeny has
already been discussed at length by Rayner & Dyke (2002)
(also see electronic Appendix B). Figures 1 and 2, how-
ever, show mean BI plotted onto the ordinal-level phy-
logenies of Sibley & Ahlquist (1990) and Cracraft et al.
(2004). BIs of less than unity occur within the higher land-
bird terminals. This trend towards a reduction in BI cul-
minates in the Apodiformes and Trochiliformes. Swifts,
such as the extant Apus apus, have the lowest BI of any
birds (0.48) and the ostrich Struthio camelus the highest
BI (3.30).

Contrary to current consensus (Groth & Barrowclough
1999; Garcı́a-Moreno & Mindell 2000; van Tuinen et al.
2000; Cracraft et al. 2004), Sibley & Ahlquist (1990)
group Galloanserae with Palaeognathae (ratites and
tinamous) in Eoaves. Re-rooting Galloanserae between
Palaeognathae and Neoaves (Galloanserae as a sister
group of Neoaves), however, does not significantly change
the results or conclusions presented here. Furthermore,
re-running the nested ANOVA using the most recent phy-
logeny proposed for avian higher taxa (Cracraft et al.
2004) and the hypothesis of Wetmore (1960) produces
fundamentally the same results as found using the phy-
logeny of Sibley & Ahlquist (1990), i.e. clade specific BIs
and the same taxonomic distribution of variation in BI.
The fact that our conclusions remain the same whichever
phylogeny is used is testament to their robustness.

A number of workers have listed the character ‘humerus
longer than ulna’ as primitive for basal birds (such as
Archaeopteryx), and have noted that the opposite state is
seen above the node Ornithothoraces (Padian & Chiappe
1998). Although BI is less than 1 in some clades of Meso-
zoic birds (Enantiornithidae, Confuciusornithidae), the
original primitive condition (BI � 1) is seen basally within
Neornithes (Rayner & Dyke 2002). The presence of
modern birds in the Mesozoic is debated (Benton 1999;
Feduccia 2003), but a number of clades (i.e. Enantiorni-
thidae and Confuciusornithidae) were certainly present
that had similar wing proportions (BI � 1) to ‘higher’
modern clades (Rayner & Dyke 2002). Perhaps the
absence of ‘higher’ modern bird clade fossils from the
Mesozoic (Dyke 2001) is as a result of the occupation of
niches for fast and manoeuvrable fliers (BI � 1; Rayner &
Dyke 2002) by other, already abundant and morphologi-
cally diverse taxa, such as the enantiornithine birds.
Extinction of confuciusornithine and enantiornithine lin-
eages prior to the Cretaceous–Tertiary boundary may have
vacated niches, which were subsequently filled by the radi-
ation of Neornithes during the Palaeocene and Eocene.

It is possible that major changes to the phylogeny used
could alter any conclusions made about the distribution
of BI within Neornithes. By contrast, and as shown in
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‘higher’ landbird clades

Neornithes
Piciformes 0.83 ± 0.06 (75)

Turniciformes 1.01 ± 0.05 (7)

Passeriformes 0.83 ± 0.09 (319)
Ciconiiformes 1.00 ± 0.22 (1086)

Gruiformes 1.08 ± 0.16 (163)
Columbiformes 0.88 ± 0.10 (110)
Strigiformes 0.85 ± 0.07 (90)
Musophagiformes 1.10 ± 0.02 (7)
Trochiliformes 0.86 ± 0.09 (19)
Apodiformes 0.69 ± 0.08 (27)
Psittaciformes 0.86 ± 0.05 (151)
Cuculiformes 1.08 ± 0.12 (59)
Coliiformes 1.10 ± 0.10 (56)

Coraciiformes 0.81 ± 0.05 (57)

Trogoniformes 0.86 ± 0.07 (10)

Upupiformes 0.79 ± 0.04 (10)

Bucerotiformes 0.70 ± 0.03 (27)

Galbuliformes 0.82 ± 0.04 (15)

Anseriformes 1.15 ± 0.15 (270)

Galliformes 1.08 ± 0.07 (143)

Craciformes 1.00 ± 0.08 (25)

Tinamiformes 1.01 ± 0.04 (22)

Struthioniformes 1.92 ± 0.72 (30)

BI > 1

BI < 1

Figure 1. The distribution of the brachial index on the ordinal-level phylogenetic hypothesis presented by Sibley & Ahlquist
(1990). Values displayed are means ± s.e. (n).

table 1, conclusions about the accumulation of variation in
BI through geological time and the finding that BI varies
significantly between clades at all taxonomic levels are
likely to be robust. We conclude that BI potentially pro-
vides insights into the evolution and radiation of neorni-
thines and may, with further analysis and integration with
ecological variables, provide a useful tool for characteriz-
ing fossil specimens where only oesteological characters
have been preserved.
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